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Abstract
We study the flavor landscape of particle physics models based on a ten-dimensional super
Yang-Mills theory compactified on magnetized tori preserving four-dimensional N = 1 su-
persymmetry. Recently, we constructed a semi-realistic model which contains the minimal
supersymmetric standard model (MSSM) using an Ansatz of magnetic fluxes and orbifold-
ing projections. However, we can consider more various configurations of magnetic fluxes
and orbifolding projections preserving four-dimensional N = 1 supersymmetry. We re-
search systematically such possibilities for leading to MSSM-like models and study their
phenomenological aspects.
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1 Introduction
The standard model (SM) of elementary particles is a quite successful theory, consistent with
all the experimental data obtained so far with a great accuracy. However, it does not describe
gravitational interactions of elementary particles that could play an important role at the very
beginning of our universe. Superstring theories in ten-dimensional (10D) spacetime are almost
the only known candidates for ultimate unification theory of elementary particles including
gravitational interactions. Supersymmetric Yang-Mills (SYM) theories in various spacetime
dimensions appear as low energy effective theories of superstring compactifications with or
without D-branes. That is quite attractive from the phenomenological viewpoint as well as
the theoretical viewpoint. Indeed, based on SYM effective theories, various phenomenological
aspects of superstring models have been studied so far. (See for a review [1].) It is an inter-
esting possibility that the SM is embedded in one of such SYM theories, that is, the SM is
realized as a low energy effective theory of the superstring theories. In such a string model
building, it is a key issue how to break higher-dimensional supersymmetry and to obtain a
four-dimensional (4D) chiral spectrum. String compactifications on the Calabi-Yau (CY) space
provide a general procedure for such a purpose. However, the metric of a generic CY space is
difficult to be determined analytically. That makes phenomenological studies qualitative, but
not quantitative.
It is quite interesting that even simple toroidal compactifications but with magnetic fluxes
in extra dimensions induce 4D chiral spectra starting with higher-dimensional SYM theories as
well as superstring theories [2, 3]. The higher-dimensional supersymmetry such as N = 4 in
terms of supercharges in 4D spacetime is broken by magnetic fluxes down to 4D N = 0, 1 or 2
depending on the configuration of fluxes. The number of the chiral zero-modes is determined
by the magnitude of magnetic fluxes. A phenomenologically attractive feature is that these
chiral zero modes localize at different points in magnetized extra dimensions. The overlap
integrals of localized wavefunctions yield hierarchical couplings in the 4D effective theory of
these zero modes. That could explain, e.g., observed hierarchical masses and mixing angles of
the quarks and the leptons [4]. Furthermore, higher-order couplings can also be computed as
the overlap integrals of wavefunctions [5]. A theoretically attractive point here is that many
peculiar properties of the SM, such as the 4D chirality, the number of generations, the flavor
symmetries [6, 7, 8, 9] and potentially hierarchical Yukawa couplings all could be determined
by the magnetic fluxes.
In our previous works [10, 11], we have presented 4D N = 1 superfield description of 10D
SYM theories compactified on magnetized tori which preserve the N = 1 supersymmetry, and
derived 4D effective action for massless zero-modes written in the N = 1 superspace. It makes
easy to construct models and analysis that. Thanks to that, we have constructed a three-
generation model of quark and lepton chiral superfields based on a toroidal compactification of
the 10D SYM theory with certain magnetic fluxes in extra dimensions preserving a 4D N = 1
supersymmetry. The low-energy effective theory contains the minimal supersymmetric standard
model (MSSM) particle contents, where the three generation structure of chiral matter fields
is originated by the magnitudes of fluxes, and it gives a semi-realistic pattern of hierarchical
masses and mixing angles of the quarks and the leptons [11]. Furthermore, we estimated the
1
size of supersymmetric flavor violations.
One typical model has been studied in our previous works, however, there may be other
possibilities for particle physics models based on a 10D SYM theory compactified on three
factorizable tori T 2 × T 2 × T 2 where magnetic fluxes are present in the YM sector. In this
paper, we search systematically such possibilities to obtain models which contains the MSSM
and study the flavor landscape of 10D magnetized SYM theories, requiring full rank Yukawa
matrices among three generations of quarks and leptons. We include possibilities of non-
factorizable magnetic fluxes [3, 12, 13]. (See also [14].) We also consider the T 6/Z2 orbifold
with magnetic fluxes as the geometrical background [15].1,2
The sections are organized as follows. In Sec. 2, a superfield description of the 10D SYM the-
ory is briefly reviewed based on Ref. [10], which allows the systematic introduction of magnetic
fluxes in extra dimensions preserving the N = 1 supersymmetry. Then, we introduce (fac-
torizable) magnetic fluxes and search systematically their proper configurations to construct
models that contains the spectrum of the MSSM with or without orbifold projection in Sec. 3.
In Sec. 4, we consider magnetic fluxes which cross over two tori. It gives possibilities of more
various model building to us. Including such nonfactorizable fluxes, we carry out a systematic
search with or without orbifold projection. Sec. 5 is devoted to conclusions and discussions. In
Appendix A, we show one Z2 orbifold model, where most of exotic zero-modes are projected
out. In Appendix B, we show explicitly Yukawa matrices in one type1 model shown in Sec. 4.3
2 The 10D SYM theory in N = 1 superspace
We consider a compactification of 10D SYM theory on 4D flat Minkowski spacetime times a
product of factorizable three tori T 2 × T 2 × T 2 and use a superfield description suitable for
such a compactification with magnetic fluxes preserving 4D N = 1 supersymmetry. Basically,
we assume that the compactification scale is around the GUT or Planck scale, although appli-
cation to other compactifications is straightforward. We mostly follow the notations and the
conventions adopted in our previous works [10, 11]. Here, we briefly review only essential points
for this work.
We decompose the 10D vector (gauge) field AM into the 4D vector field Aµ and three
complex fields Ai (i = 1, 2, 3). Also the 10D Majorana-Weyl spinor field λ is decomposed into
four 4D Weyl spinor fields λ0 and λi (i = 1, 2, 3). For 4D positive chirality, these spinor fields
λ0, λ1, λ2, and λ3 have the 6D chiralities, (+,+,+), (+,−,−), (−,+,−), and (−,−,+) on
T 2 × T 2 × T 2. The 10D SYM theory possesses N = 4 supersymmetry counted in terms of 4D
supercharges. The YM vector and spinor fields, AM and λ, are decomposed into (on-shell) 4D
N = 1 single vector and triple chiral multiplets, V = {Aµ, λ0} and φi = {Ai, λi} (i = 1, 2, 3).
The above N = 1 vector and chiral multiplets, V and φi, are expressed by vector and chiral
superfields, V and φi, respectively. Using them, the 10D SYM action can be written in the
1Recently the orbifold compactification with magnetic fluxes was studied within the framework of heterotic
string theory [16].
2Here, we consider the twist orbifolding, although shift orbifolding is also possible [17].
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N = 1 superspace as [18]
S =
∫
d10X
√−G
[∫
d4θK +
{∫
d2θ
(
1
4g2
WαWα +W
)
+ h.c.
}]
.
The functions of the superfields, K, W and Wα, are given by
K = 2
g2
hi¯jTr
[(√
2∂¯i¯ + φ¯i¯
)
e−V
(
−
√
2∂j + φj
)
eV + ∂¯i¯e
−V ∂je
V
]
+KWZW,
W = 1
g2
ǫijke ii e
j
j e
k
k Tr
[√
2φi
(
∂jφk − 1
3
√
2
[φj, φk]
)]
,
Wα = −1
4
D¯D¯e−VDαe
V ,
where ∂i denotes a derivative of complex coordinate zi, and h
i¯j and e ii are metric and vielbein
of the i-th torus. The term KWZW denotes a Wess-Zumino-Witten term which vanishes in the
Wess-Zumino (WZ) gauge. Note that only the combination φ1φ2φ3 has non-vanishing Yukawa
couplings in W.
The equations of motion for auxiliary fields D and Fi lead to
D = −hi¯j
(
∂¯i¯Aj + ∂jA¯i¯ +
1
2
[
A¯i¯, Aj
])
, (1)
F¯i¯ = −hji¯ ǫjkle jj e kk e ll
(
∂kAl − 1
4
[Ak, Al]
)
. (2)
The condition 〈D〉 = 〈Fi〉 = 0 determines supersymmetric vacua. A trivial supersymmetric
vacuum is given by 〈Ai〉 = 0 where the full N = 4 supersymmetry as well as the YM gauge
symmetry is preserved. In the following, we search nontrivial supersymmetric vacua where
magnetic fluxes exist in the YM sector.
3 Magnetic fluxes and zero-modes
We consider the 10D U(N) SYM theory3 on a supersymmetric background with factorizable
magnetic fluxes. In this section, we study the case that the YM fields take the following 4D
Lorentz invariant and at least N = 1 supersymmetric vacuum expectation values (VEVs),
〈Ai〉 = π
Im τi
(
M (i) z¯i¯ + ζ¯i
)
, 〈Aµ〉 = 〈λ0〉 = 〈λi〉 = 〈Fi〉 = 〈D〉 = 0. (3)
This VEV of Ai leads to factorizable magnetic fluxes, and this form is unique up to gauge
transformation for the fixed magnitude ofM (i). HereM (i) denotes the N×N diagonal matrices
3A similar study is possible by starting with other gauge groups [19].
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of Abelian magnetic fluxes as
M (i) =


M
(i)
1 1N1
M
(i)
2 1N2
. . .
M
(i)
n 1Nn

 , (4)
where 1Na is a Na ×Na unit matrix. Similarly, the Wilson lines ζi are denoted as
ζ (i) =


ζ
(i)
1 1N1
ζ
(i)
2 1N2
. . .
ζ
(i)
n 1Nn

 .
Here, τi is complex structure of the i-th torus. We restrict τi to be pure imaginary, since its real
part only affects physical CP phases. The magnetic fluxes satisfying the Dirac’s quantization
condition, M
(i)
1 ,M
(i)
2 , . . . ,M
(i)
n ∈ Z, are further constrained by the supersymmetry conditions
〈D〉 = 0 and 〈Fi〉 = 0 in Eq. (3), which are written as
hi¯j
(
∂¯i¯〈Aj〉+ ∂j〈A¯i¯〉
)
= 0, (5)
ǫjkle kk e
l
l ∂k〈Al〉 = 0, (6)
with D and Fi given by Eq. (1) and (2), respectively. Magnetic fluxes with the VEVs Eq. (3)
trivially satisfy the F term condition Eq. (6).
The magnetic flux (4) breaks the U(N) gauge symmetry into
∏
a U(Na) for a = 1, 2, . . . , n
if all the magnetic fluxes M
(i)
1 ,M
(i)
2 , . . . ,M
(i)
n take values different from each other. The same
holds for Wilson-lines, ζ
(i)
1 , ζ
(i)
2 , . . . , ζ
(i)
N . In the following, the indices a, b = 1, 2, . . . , n label the
unbroken YM subgroups on the flux and Wilson-line background (3), and traces in expressions
are performed within such subgroups.
On the N = 1 supersymmetric toroidal background (3) with the magnetic fluxes (4) as
well as the Wilson-lines, the zero-modes (V n=0)ab of the off-diagonal elements (V )ab (a 6= b) in
the 10D vector superfield V obtain mass terms, while the diagonal elements (V n=0)aa do not.
Then, we express the zero-modes (V n=0)aa, which contain 4D gauge fields for the unbroken
gauge symmetry
∏
a U(Na), as
(V n=0)aa ≡ V a.
The magnetic fluxes and the Wilson-lines have no effect on these diagonal elements, and extra
dimensional parts of their wavefunctions are constant. On the other hand, for ∃j 6= i with
M
(j)
ab ≡ M (j)a − M (j)b > 0, M (i)ab ≡ M (i)a − M (i)b < 0 and a 6= b, the zero-mode (φn=0j )ab of
the off-diagonal element (φj)ab in the 10D chiral superfield φj degenerates with the number of
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degeneracy Nab =
∏
k
∣∣∣M (k)ab ∣∣∣, while (φn=0j )ba has no zero-mode solution, yielding a 4D super-
symmetric chiral generation in the ab-sector [10]. Therefore, we denote the zero-mode (φn=0j )ab
with the degeneracy Nab as
(φn=0j )ab ≡ g φIab,M
(i)
ab
j ,
where Iab labels the degeneracy, i.e. generations. We normalize φIabj by the 10D YM coupling
constant g. An extra dimensional part of their wavefunctions is decomposed into three parts
and each of them corresponds to the i-th torus. These wavefunctions can be written by the
Jacobi theta-function. For example, for the i-th torus, the zero-mode wavefunctions are written
by
φ
I
(i)
ab
,M
(i)
ab
j (τi, zi) = N · eiπM
(i)
ab
ziIm zi/Im τi · ϑ
[
I(i)ab /M (i)ab
0
]
(M
(i)
ab zi,M
(i)
ab τi), (7)
where I(i)ab labels the degeneracy generated on the i-th torus and ϑ is the Jacobi theta-function,
ϑ
[
a
b
]
(ν, τ) =
∑
l∈Z
eπi(a+l)
2τe2πi(a+l)(ν+b). (8)
The normalization factor N is defined as follows∫
T 2
dzdz¯ φI,Mj (φ
K,M
j )
∗ = δIK .
For more details, see Ref. [10] and references therein.
3.1 Factorizable flux Ansatz
We aim to realize a zero-mode spectrum in 10D SYM theory compactified on magnetized
tori, that contains the MSSM with the gauge symmetry SU(3)C × SU(2)L × U(1)Y and three
generations of the quark and the lepton chiral multiplets, by identifying these three generations
with degenerate zero-modes of the chiral superfields φIabj .
To obtain the SM gauge group, especially U(1)Y , we have to start at least the 10D U(8)
SYM theory which contains the Pati-Salam gauge group, U(4)C × U(2)L × U(2)R, up to U(1)
factors. In the Pati-Salam gauge group, (4, 2, 1) matter fields correspond to left-handed quarks
and leptons, while (4¯, 1, 2) matter fields correspond to right-handed quarks and leptons. In
addition, Higgs fields are assigned to (1, 2, 2) representations. Although we can start a larger
gauge group, we concentrate ourselves on the U(8) gauge group as our starting point.
In our models, magnetic fluxes yield potentially hierarchical Yukawa couplings from 10D
gauge couplings, the tri-linear terms of W. We require full-rank Yukawa matrices among three
generations. If the flavor structure of left-handed and right-handed matter fields are originated
from different tori, one obtains rank-one Yukawa matrices at the tree-level. It leads two massless
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generations (at the tree-level). That cannot be realistic unless there are corrections such as
non-perturbative effects. We will derive three generation structures of all the chiral matter
fields on the first torus to obtain full-rank Yukawa matrices.
Now, we study proper configurations of Abelian factorizable magnetic fluxes Eq. (3) and
(4). To obtain three generation structures on the first torus, we introduce fluxes with M
(1)
ab = 3
for the quark and lepton chiral multiplets. The simplest one is
M (1) =
(
0× 14
3× 14
)
. (9)
Recall that (4, 2, 1) and (4¯, 1, 2) correspond to quarks and leptons. Since only differences be-
tween magnetic fluxes have effects on physics, we fix the first element along the U(1) direction
of U(4)C to be vanishing. We set M
(2) and M (3) such that they do not generate extra gener-
ations and satisfy SUSY preserving conditions Eq. (5) and (6). In addition, we consider the
gauge groups to be further broken down to U(3)C × U(1)C′ × U(2)L × U(1)R′ × U(1)R′′ by the
Wilson-lines,
ζ1 =


ζ
(1)
C 13
ζ
(1)
C′
ζ
(1)
L 12
ζ
(1)
R′
ζ
(1)
R′′

 , (10)
where all the nonvanishing entries take values different from each other. However, in this two-
block Ansatz (9), the Higgs fields with the (1, 2, 2) representation have no effects due to magnetic
fluxes, and their zero-mode profiles are just flat. Thus, the Yukawa matrices are proportional
to the (3 × 3) unit matrix and that is not realistic.4 To construct the plausible models which
have three generation matter fields and full-rank Yukawa matrices, more complicated fluxes are
needed.
The next-to-simplest one is as follows,
M (1) =

 0× 14 3× 12
−3 × 12

 . (11)
We also set M (2) and M (3) such that they do not generate extra generations and satisfy SUSY
preserving conditions Eq. (5) and (6). The gauge group is broken as U(8)→ U(4)C ×U(2)L ×
U(2)R, the Pati-Salam gauge group, which is broken by the Wilson-lines Eq. (10) in a similar
way. This type of magnetic fluxes, the three-block type, will be studied in detail in the following
sections.
4 By introducing Wilson lines, the zero-mode profiles of the Higgs fields become non-trivial and Yukawa
couplings may be modified [20]. However, such Wilson lines make the Higgs fields massive, and the Wilson lines
corresponding to O(100) GeV mass scale would not lead sufficient modification to lead realistic results.
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We can consider more complicated flux configurations such as the four-block or five-block
magnetic fluxes, where U(4)C is broken as U(4)C → U(3)C ×U(1)′C and/or U(2)R is broken as
U(2)R → U(1)R′ × U(1)R′′ by magnetic fluxes. However, in those models one can not obtain
full-rank Yukawa matrices satisfying the SUSY conditions. Thus, we do not consider such
possibilities, and we concentrate on the three-block Ansatz of magnetic fluxes (11) with the
Wilson-lines Eq. (10).
3.2 Pati-Salam model
We show the details of the Pati-Salam models in which the flavor structures are originated by
the flux Eq. (11). The Pati-Salam gauge group generated by the flux is further broken down
to U(3)C ×U(1)C′ ×U(2)L×U(1)R′ ×U(1)R′′ by the Wilson-lines (10). The gauge symmetries
SU(3)C and SU(2)L of the MSSM are embedded into the above unbroken gauge groups as
SU(3)C ⊂ U(3)C and SU(2)L ⊂ U(2)L. The hypercharge U(1)Y is obtained as a proper linear
combinations of U(1)’s.
We show all the possible patterns of magnetic flux configuration satisfying SUSY preserving
condition Eq. (5) and (6) as a result of systematic search in Table 1 by using the following
notation:
M (i) =

 M
(i)
C 14
M
(i)
L 12
M
(i)
R 12

 .
There are three patterns and one of them, pattern 1, is studied in Ref. [11] and these three lead
phenomenological features quite similar to each other. Thus, we show the details of the first
one in the following.
(M
(1)
C ,M
(1)
L ,M
(1)
R ) (M
(2)
C ,M
(2)
L ,M
(2)
R ) (M
(3)
C ,M
(3)
L ,M
(3)
R )
pattern 1 (0,+3,−3) (0,−1, 0) (0, 0,+1)
pattern 2 (0,+3,−3) (0,−1, 0) (0,+1,+1)
pattern 3 (0,+3,−3) (0,−1,−1) (0, 0,+1)
Table 1: Three patterns to give the Pati-Salam model
The first one, which yields three generations of quarks and leptons and also the full-rank
Yukawa matrices, satisfies the SUSY preserving conditions Eq. (6) and (5) with
A(1)/A(2) = A(1)/A(3) = 3,
where A(i) is an area of the i-th torus.
In this configuration of magnetic fluxes, chiral superfields Q, U , D, L, N , E, Hu and Hd
carrying the left-handed quark, the right-handed up-type quark, the right-handed down-type
7
quark, the left-handed lepton, the right-handed neutrino, the right-handed electron, the up-
and the down-type Higgs bosons, respectively, are found in φIabi as
φIab1 =


Ω
(1)
C Ξ
(1)
CC′ 0 Ξ
(1)
CR′ Ξ
(1)
CR′′
Ξ
(1)
C′C Ω
(1)
C′ 0 Ξ
(1)
C′R′ Ξ
(1)
C′R′′
Ξ
(1)
LC Ξ
(1)
LC′ Ω
(1)
L H
K
u H
K
d
0 0 0 Ω
(1)
R′ Ξ
(1)
R′R′′
0 0 0 Ξ
(1)
R′′R′ Ω
(1)
R′′

 ,
φIab2 =


Ω
(2)
C Ξ
(2)
CC′ Q
I 0 0
Ξ
(2)
C′C Ω
(2)
C′ L
I 0 0
0 0 Ω
(2)
L 0 0
0 0 0 Ω
(2)
R′ Ξ
(2)
R′R′′
0 0 0 Ξ
(2)
R′′R′ Ω
(2)
R′′

 ,
φIab3 =


Ω
(3)
C Ξ
(3)
CC′ 0 0 0
Ξ
(3)
C′C Ω
(3)
C′ 0 0 0
0 0 Ω
(3)
L 0 0
UJ NJ 0 Ω
(3)
R′ Ξ
(3)
R′R′′
DJ EJ 0 Ξ
(3)
R′′R′ Ω
(3)
R′′

 , (12)
where the rows and the columns of matrices correspond to a = C,C ′, L, R′, R′′ and b =
C,C ′, L, R′, R′′, respectively, and the indices I, J = 1, 2, 3 and K = 1, . . . , 6 label the zero-
mode degeneracy, i.e., generations. Therefore, three generations of Q, U , D, L, N , E and six
pairs of Hu and Hd are generated by the pattern 1 magnetic fluxes in Table 1 that correspond
to
M
(1)
C −M (1)L = −3, M (1)L −M (1)R = +6, M (1)R −M (1)C = −3,
M
(2)
C −M (2)L = +1, M (2)L −M (2)R = −1, M (2)R −M (2)C = 0,
M
(3)
C −M (3)L = 0, M (3)L −M (3)R = −1, M (3)R −M (3)C = +1. (13)
The zero entries of the matrices in Eq. (12) represent components eliminated because of the
chirality projection effects caused by magnetic fluxes. In order to realize three generations of
quarks and leptons with the full-rank Yukawa coupling matrices, some of M
(i)
ab become vanish-
ing in Eq. (13). That causes certain massless exotic modes Ξ
(r)
ab as well as massless diagonal
components Ω
(r)
a , i.e., the so-called open string moduli, all of which feel zero fluxes. These
exotics are severely constrained by many experimental data at low energies. However, most
of the massless exotic modes Ξ
(r)
ab and diagonal components Ω
(r)
a can be projected out with
the three generations of quarks and leptons unchanged if we impose further a certain orbifold
projection on the second and third tori [11].5
5 We show that in Appendix A.
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The three patterns shown in Table. 1 are quite similar to each other. In fact, these three
patterns of magnetic fluxes give the same flavor structures, that is, the exactly same zero-
mode contents (including the exotic modes and open string moduli ) survive after the orbifold
projection.
As shown above, the orbifold projection is very useful to remove the extra modes. Further-
more, considering orbifold projections on the first and second tori (or the first and third tori),
there are some possibilities to obtain three generation structures with magnetic fluxes other
than we show above and we study such possibilities in the next section.
One can generalize above results for N generations of the chiral matter fields with the
replacing “3 → N”. We strongly owe this generalization to the constraint that we have to
derive generation structures on only the first torus to obtain full-rank Yukawa matrices.
3.3 Z2 projection
We consider the Z2 projection, and then either even or odd modes of zero-modes remain.
Zero-mode wavefunctions have the following relation [15],
φI(−z) = φM−I(z).
Using that, even and odd functions are given by,
φIeven(z) =
1√
2
(
φI(z) + φM−I(z)
)
,
φIodd(z) =
1√
2
(
φI(z)− φM−I(z)) . (14)
The degeneracy of zero-modes after the Z2 projection is changed, and we show that in Ta-
ble 2 [15], where M =M
(r)
ab on each r-th torus.
M 0 1 2 3 4 5 6 7 8 9 10
even 1 1 2 2 3 3 4 4 5 5 6
odd 0 0 0 1 1 2 2 3 3 4 4
Table 2: The numbers of zero-modes for even and odd wavefunctions.
One way to construct the plausible models by using the T 6/Z2 orbifold is that we start
with magnetic fluxes shown in Table 1 and then we assume the T 6/Z2 orbifold where the Z2
acts on the second and the third tori r = 2, 3. In this model building, we can eliminate extra
modes without affecting three generations of quarks and leptons, as shown in Appendix A and
Ref. [11].
On the other hand, from Table 2, we can see that there are other possibilities to obtain three
generation structures by assuming that the Z2 acts on the first and the second tori r = 1, 2,
or the first and third tori r = 1, 3 : M = 4, 5 for even modes and M = 7, 8 for odd modes.
Here we study such possibilities. We concentrate on the case that the Z2 projection acts on
9
the first and the second tori r = 1, 2 assuming that three generations are originated from the
first torus, r = 1. That is, the degeneracy numbers of quark and lepton zero-modes are equal
to three for r = 1 after Z2 orbifolding, while the degeneracy numbers are equal to one for r = 2
after orbifolding and one for the third torus. Then, Z2 boundary conditions of 10D superfields
V and φi are assigned as
V (x,−ym, yn) = +PV (x, ym, yn)P−1,
φ1(x,−ym, yn) = −Pφ1(x, ym, yn)P−1,
φ2(x,−ym, yn) = −Pφ2(x, ym, yn)P−1,
φ3(x,−ym, yn) = +Pφ3(x, ym, yn)P−1, (15)
for ∀m = 4, 5, 6, 7 and ∀n = 8, 9, where P is a projection operator acting on YM indices satisfying
P 2 = 1N . The φ1 and φ2 fields have the minus sign under the Z2 reflection, because these are
the vector fields, Ai (i = 1, 2) on the Z2 orbifold plane. Note that the orbifold projection (15)
respects theN = 1 supersymmetry preserved by the magnetic fluxes (1), because the Z2-parities
are assigned to the N = 1 superfields V and φi.
Choosing a proper projection operator P , we can construct the Pati-Salam models Eq. (11)
with three generation chiral matter fields other than we showed in Table 1. However, on account
of the orbifold projection (15), nonvanishing (continuous) Wilson-line parameters Eq. (10) are
possible 6 only on the third torus r = 3. The Pati-Salam gauge group can be broken down
as shown previously by the Wilson lines Eq. (10) on the third torus. Recall that the three
generation structures are originated on the first torus. However, in the above type of three-
block magnetic fluxes, all the Yukawa matrices for the up-sector and down-sector of quarks,
neutrinos, and charged leptons, have exactly the same form except a universal factor. The
experimental values of their masses and mixings cannot be realized. Thus, we need consider
the following five-block magnetic fluxes
M (i) =


M
(i)
C 13
M
(i)
C′
M
(i)
L 12
M
(i)
R′
M
(i)
R′′

 , (16)
where all the nonvanishing entries take values different from each other on at least the first
tori. We search such a possibility in a systematic way. Then, it is found that it is impossible to
construct three generation models with orbifold projections and five-block fluxes (16), since the
SUSY preserving conditions become severer than the case with three-block fluxes. Obviously,
that is the same in the case that the Z2 acts on the first and the third tori r = 1, 3.
6Nonvanishing Wilson-line parameters would be possible also in the first and the second tori, if we allow
non-zero VEVs of vector fields that are constants in the bulk but change their sign across the fixed points
(planes) of the orbifold, that is beyond the scope of this paper. In this case localized magnetic fluxes at the
fixed points might be induced which cause nontrivial effects on the wavefunction profile of the charged matter
fields [21].
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So far, we can obtain a unique flavor structure, which was studied in Ref. [11]. We have
considered only the simple fluxes like Eq. (3). However, nonfactorizable fluxes which are mag-
netic fluxes crossing over two tori are studied in Ref. [3, 12, 13], and it may enable us to obtain
more various flavor structures and we study that in the next section.
4 Nonfactorizable fluxes
In this section, we study nonfactorizable flux models, where magnetic fluxes cross over two tori.
We consider the case that the YM fields Ai take the following VEVs instead of Eq. (3)
〈Ai〉 = π
Im τi
M (i) z¯i¯ +
π
Im τj
M (ij) z¯j¯ + ζ¯i,
〈Aµ〉 = 〈λ0〉 = 〈λi〉 = 〈Fi〉 = 〈D〉 = 0, (17)
where i 6= j. This is a straightforward extension of Eq. (3) and the additional second term of
the VEV of Ai corresponds to (Abelian) nonfactorizable fluxes,
M (ij) =


M
(ij)
1 1N1
M
(ij)
2 1N2
. . .
M
(ij)
n 1Nn

 . (18)
The VEV Eq. (17) trivially satisfies the F term SUSY condition Eq. (6) as well as the VEV
Eq. (3) does. That is because the complex structure in the second term of the first line (17) is
consistent with the one in the first term. If we take a different coefficient in the second term,
the SUSY condition is not satisfied. For magnetic fluxes crossing over the two tori, e.g. the
first and second tori, there are four elements, Fx1,x2, Fx1,y2, Fy1,x2 , and Fy1,y2 in the real basis,
where z1 =
1
2
(x1 + τ1y1) for the first torus and z2 =
1
2
(x2 + τ2y2) for the second torus. In order
to derive a well defined wavefunction, only Fx1,y2 and Fy1,x2 are allowed with a certain SUSY
relation [3, 12]. The VEV Eq. (17) corresponds to such a case exactly.
With the above nonfactorizable fluxes, the numbers of degenerate zero-modes (V n=0)ab and
(φn=0j )ab are changed. (V
n=0)ab obtain mass terms with gauge symmetry breaking, so we explain
about chiral superfields φj. For the moment, we consider only the case i, j = 1, 2 and M
(12)
and M (21) cross over between the first and the second tori. Later we will discuss its extensions,
but such extensions do not lead to interesting models.
Now, we define the matrix
Mab =
(
m
(1)
ab m
(12)
ab
m
(21)
ab m
(2)
ab
)
m
(i)
ab = M
(i)
a −M (i)b
m
(ij)
ab = m
(ij)
a −m(ij)b
m(ij)a =
Im τi
Im τj
M (ij)a +M
(ji)
a . (19)
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Diagonal elements m
(i)
ab correspond to the fluxes introduced in Sec. 3, and off-diagonal ones are
nonfactorizable fluxes. We have to impose Riemann conditions in order to have a well-defined
zero-mode wavefunction, and then the matrix M and complex structure τi have to satisfy the
following constraints [3]
Mij ∈ Z, (M · ImΩ)T =M · ImΩ, M · ImΩ > 0, (20)
where Ω ≡ diag (τ1, τ2) is a general complex structure 7. Then, detM determines the number
of degenerate zero-modes on the two tori, and the total degeneracy is equal to | detM×M (3)ab |.
While the zero-mode wavefunctions on the third torus are obtained by Eq. (7) still, the zero-
mode wavefunctions on the other two tori are written by the following forms 8,
φ
~jab,Mab(~z,Ω) = N · eiπ[Mab·~z]·(Mab·ImΩ)−1Im [Mab·~z] · ϑ
[
~jab
0
]
(Mab · ~z,Mab · Ω), (21)
where ~z = 1
2
(~x+Ω~y), ~jab labels the degeneracy generated on the two tori, and ϑ is the Riemann
theta-function, which is a generalization of the Jacobi theta-function Eq. (8),
ϑ
[
~a
~b
]
(~ν,Ω) =
∑
~m∈Zn
eπ(~m+~a)·Ω·(~m+~a)e2πi(~m+~a)·(~ν+
~b). (22)
Normalization is defined in a way similar to the previous one. For more details, see Ref.[3, 12].
The constraints Eq. (20) and the wavefunction Eq. (21) are valid for a field φ3 which have
(totally) positive chirality on the two tori. As for φ1 and φ2 which have the negative chirality
(+,−) or (−,+) on the two tori, they need to be mixed up to get a zero-mode wavefunctions.
Then, according to Ref. [12], we parametrize them as following,
φab1 = α
abΦab φab2 = β
abΦab. (23)
The condition to obtain a well-defined wavefunction Eq. (20) and an explicit form of the wave-
function Eq. (21) can also be applied for Φ with replacing Ω by Ω˜ab = Ωˆab · Ω, where
Ωˆab =
1
1 + q2ab
(
1− q2ab −2qab
−2qab q2ab − 1
)
.
Mixing parameters qab = βab/αab are given for individual bifundamental representations and
their values are determined by the second one of Eq. (20). Since det Ωˆ = −1, one can see
sign (detM) relates to the chirality of a field from the last one of Eq. (20).
7In this paper, we unalterably focus on factorizable torus. We can consider generalized torus with off-diagonal
element of Ω [3, 12, 13], however, it is difficult to study that in a systematic way.
8 Here, we take another gauge according to Ref. [12] : Ai → Ai − ∂iχ(i), where ∂1χ(1) = 1Im τ2M (12)Re z2
and ∂2χ
(2) = 1Im τ1M
(21)Re z1
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4.1 Nonfactorizable flux Ansatz
We study configurations of nonfactorizable magnetic fluxes. Similarly to the previous ones, we
aim to realize a zero-mode spectrum in 10D magnetized U(8) SYM theory, that contains the
MSSM with the gauge symmetry SU(3)C×SU(2)L×U(1)Y and three generations of the quark
and the lepton chiral multiplets.
If there are only M (ij) fluxes with M (i) = 0, we obtain the same result as the factorizable
models shown in Sec. 3 with changing definition of torus cycles, so we consider both of non-
vanishing M (i) and M (ij) simultaneously. In the previous section, we show the simplest case
with nonfactorizable fluxes (17). Since we compactify the 10D SYM theory on three tori, one
can think the magnetic flux background, where the VEVs of Ai in Eq. (18) have another term,
π
Im τk
M (ik) z¯k¯ for k 6= i, j. However, such general cases have strong constraints to realize a well-
defined wavefunction, that is Eq. (22). At any rate, we search such possibilities in a systematic
way with all the flux parameters M
(i)
a and m
(ij)
a being in the range between −10 and 10, but
we could not obtain three generation models in the parameter range. Thus, it is adequate for
us to concentrate on the magnetic fluxes crossing over the first and second tori, Eqs. (17) and
(19). That is, we consider the cases, where non-vanishing magnetic fluxes correspond to M (12),
M (21) and M (i) (i = 1, 2, 3) and the others are vanishing. In the following, we search possible
flux configurations in a systematic way, where the three generation structure is generated on
the first and the second tori by the nonfactorizable fluxes.
With the above setup, the three-block flux (Pati-Salam) model is the simplest. Two-block
models like Eq. (4) are improbable in a way similar to the case with only the factorizable fluxes.
In the three-block models, we need the Wilson lines to break the Pati-Salam gauge group as
well as in Sec. 3. If we could construct four-block or five-block models, e.g., like Eq. (16),
we would not necessarily need the Wilson lines. We also search a possibility to give such an
attractive model in the systematic way with all the flux parameters M
(i)
a and m
(ij)
ab being in the
range between −10 and 10, but we could not find a four-block model or a five-block model,
because of the severer constraints for preserving SUSY and having well-defined wavefunctions
than the Pati-Salam models . Thus, only the three-block Pati-Salam models are possible like
the models with only the factorizable fluxes in Sec. 3. In the next section, we show the details
of our systematic research about the Pati-Salam models and its results.
4.2 Pati-Salam model
In this section, we concentrate on the three-block flux models with three (Abelian) factorizable
fluxes M (i) (i = 1, 2, 3) and (Abelian) nonfactorizable fluxes M (12) and M (21). We use m
(12)
a
and m
(21)
a as parameters instead of M
(12)
a and M
(21)
a , such as they satisfy the following relation
Im τ1m
(21)
a = Im τ2m
(12)
a ,
that is nothing but the SUSY preserving condition and satisfied automatically in Eq. (19).
There are an infinite number of possibilities, so we restrict the values of the parameters to the
range between −10 and 10. As a result, we find many possibilities for three generation models.
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There are two types of models. The one, which we call “type 1”, is that Higgs multiplets
come from φ3 which have the chirality (−,−,+). In this case left-handed and right-handed
matter fields come from φ1 and φ2 both of which have the negative chirality totally on the first
two tori. In the other case, “type2”, either left-handed or right-handed matter fields come from
φ3, and then they have the opposite chirality totally on the two tori.
First we show the result about the type1 models in Fig. 1. In this case, M (3) have the three
possibilities, M (3) = diag (0, 1,−1), diag (0, 1, 0) and diag (0, 0,−1) without affecting the three
generation structures of quark and lepton multiplets generated on the first and the second tori.
The upper panel of Fig. 1 corresponds to the case with M (3) = diag (0, 1,−1). The number of
Higgs pairs is increased twofold by M (3) on the third torus, and all the numbers of Higgs pairs
are even. The lower panel shows the case that M (3) = diag (0, 1, 0) and diag (0, 0,−1).
We see that only particular numbers of Higgs pairs are allowed from the two panels. In
previous section, our three generation models inevitably include six pairs of Higgs multiplets.
Now from the lower panel, we find the possibilities to obtain the models with one pair of Higgs
doublets just like the MSSM. It is quite attractive and we show the details in the next section.
Next, in Fig. 2 we show the result about the type2 models where left-handed and right-
handed matter fields have the opposite chirality on the first two tori9. What is quite different
from the type1 is that all the numbers of Higgs pairs up to 16 are allowed (at least in our
searching region). One-pair Higgs models are also possible.
We find many possibilities to construct the models consistent with the MSSM and we obtain
more various flavor structures. In particular, nonfactorizable fluxes enable us to construct one-
pair Higgs models. We show the details of such typical models in the following.
4.3 One-pair Higgs models
Here, we focus on the models, which have a pair of Higgs doublets just like the MSSM. There
are various flux configurations to give such models. Now, let us show details of a typical one
included in the type1 models. The flux configuration is set as,
(M
(1)
C ,M
(1)
L ,M
(1)
R ) = (0,−2,−1),
(M
(2)
C ,M
(2)
L ,M
(2)
R ) = (0,+1,+2),
(M
(3)
C ,M
(3)
L ,M
(3)
R ) = (0, 0,−1),
(M
(12)
C ,M
(12)
L ,M
(12)
R ) = (0,+1,+1),
(M
(21)
C ,M
(21)
L ,M
(21)
R ) = (0,+1,+1).
9 We concentrate only the case in which the right-handed matter fields come from φ3 .
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Figure 1: The number of magnetic flux configurations for each number of Higgs pairs in the
type1 models where Higgs multiplets come from φ3. The upper panel corresponds to the
case with M (3) = diag (0, 1,−1) and the lower panel corresponds to M (3) = diag (0, 1, 0) or
diag (0, 0,−1) .
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Figure 2: The number of magnetic fluxes for each number of Higgs pairs in the type2 models
where Higgs multiplets come from the mixture of φ1 and φ2.
Then, the differences of fluxes which appear in zero-mode equations of multiplets are obtained
as
ML =
(
+2 −1
−1 −1
)
, MR =
( −1 +1
+1 +2
)
, MH =
( −1 0
0 −1
)
,
M
(3)
C −M (3)L = 0, M (3)R −M (3)C = −1, M (3)L −M (3)R = +1,
where a subscript L inML means left-handed matter fields, R does right-handed matter and H
does Higgs fields. The absolute values of the determinants,ML andMR, are equal to three and
they originate three generation structures. In contrast, a determinant of MH is equal to one,
and fluxes on the third torus do not have any effects on the number of degenerate zero-modes.
With these fluxes, we have the following zero-mode contents, block off-diagonal parts of φ1 and
φ2, which are mixed up shown in Eq. (23)
10:
ΦIab =


QI 0 0
LI 0 0
0 0 0 0
UJ NJ 0
DJ EJ 0

 ,
10 In the model, Higgs sectors does not feel the nonfactorizable fluxes (m
(ij)
L −m(ij)R = 0), so φ1 and φ2 are
not mixed up in the parts. However, they all are eliminated by the factorizable fluxes on the third torus M (3).
We simply show the result like this.
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block diagonal parts of φ1 and φ2, which do not feel the fluxes and each of zero modes exists
separately:
φIab1 =


Ω
(1)
C Ξ
(1)
CC′
Ξ
(1)
C′C Ω
(1)
C′
Ω
(1)
L
Ω
(1)
R′ Ξ
(1)
R′R′′
Ξ
(1)
R′′R′ Ω
(1)
R′′

 , φ
Iab
2 =


Ω
(2)
C Ξ
(2)
CC′
Ξ
(2)
C′C Ω
(2)
C′
Ω
(2)
L
Ω
(2)
R′ Ξ
(2)
R′R′′
Ξ
(2)
R′′R′ Ω
(2)
R′′

 ,
and the field φ3:
φIab3 =


Ω
(3)
C Ξ
(3)
CC′ 0 0 0
Ξ
(3)
C′C Ω
(3)
C′ 0 0 0
0 0 Ω
(3)
L Hu Hd
0 0 0 Ω
(3)
R′ Ξ
(3)
R′R′′
0 0 0 Ξ
(3)
R′′R′ Ω
(3)
R′′

 ,
where we use the same notations as we use in the previous section, however, Higgs doublets
do not have a generation index. The three generation chiral matter fields and one pair of
Higgs fields are realized just like the MSSM. Although all the chiral exotic fields are eliminated
by the fluxes, there are some vector-like exotic modes and open string moduli. With all flux
configurations which give one-pair Higgs type1 models, the same contents are generated.
We show the explicit form of Yukawa matrices of this model in Appendix B. According
to that, Yukawa matrices can be full-rank and hierarchical, and all the elements of Yukawa
matrices can take nonzero values different from each other. Thus, it would be possible to give
a realistic pattern of quark and lepton masses and their mixings. We will study numerically
these values elsewhere.
In Table 3 we show all the patterns of magnetic flux configurations, which give such one-pair
Higgs models included in the type1. We choose MC = 0 and the first one (No. 1) corresponds
to the above.
Next, we study the details of one-pair Higgs models included in the type2 models. We show
one example of flux configurations as follows,
(M
(1)
C ,M
(1)
L ,M
(1)
R ) = (0,−1,−1)
(M
(2)
C ,M
(2)
L ,M
(2)
R ) = (0,+2,−7)
(M
(3)
C ,M
(3)
L ,M
(3)
R ) = (0, 0,+1)
(M
(12)
C ,M
(12)
L ,M
(12)
R ) = (0,−1,−2)
(M
(21)
C ,M
(21)
L ,M
(21)
R ) = (0,−1,−2),
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M
(1)
L M
(1)
R M
(2)
L M
(2)
R M
(3)
L M
(3)
R m
(12)
L m
(12)
R m
(21)
L m
(21)
R
No. 1 −2 −1 +1 +2 0 −1 +1 +1 +1 +1
No. 2 −2 −1 +1 +2 +1 0 +1 +1 +1 +1
No. 3 +1 +2 −2 −1 0 −1 +1 +1 +1 +1
No. 4 +1 +2 −2 −1 +1 0 +1 +1 +1 +1
No. 5 −2 +3 +1 +2 0 −1 +1 +3 +1 +3
No. 6 +1 +2 −2 +3 0 −1 +1 +3 +1 +3
No. 7 −3 +2 −2 −1 +1 0 +3 +1 +3 +1
No. 8 −2 −1 −3 +2 +1 0 +3 +1 +3 +1
Table 3: One-pair Higgs models in type1.
then
ML =
(
+1 +1
+1 −2
)
, MR =
( −1 −2
−2 −7
)
, MH =
(
0 +1
+1 +9
)
,
M
(3)
C −M (3)L = 0, M (3)L −M (3)R = +1, M (3)R −M (3)C = −1.
The zero-mode contents are as follows, block off-diagonal parts of φ1 and φ2, which are mixed
up shown in Eq. (23):
ΦIab =


QI 0 0
LI 0 0
0 0 Hu Hd
0 0 0
0 0 0

 ,
block diagonal parts of φ1 and φ2, which do not feel the fluxes and each of zero modes exists
separately:
φIab1 =


Ω
(1)
C Ξ
(1)
CC′
Ξ
(1)
C′C Ω
(1)
C′
Ω
(1)
L
Ω
(1)
R′ Ξ
(1)
R′R′′
Ξ
(1)
R′′R′ Ω
(1)
R′′

 , φ
Iab
2 =


Ω
(2)
C Ξ
(2)
CC′
Ξ
(2)
C′C Ω
(2)
C′
Ω
(2)
L
Ω
(2)
R′ Ξ
(2)
R′R′′
Ξ
(2)
R′′R′ Ω
(2)
R′′

 ,
and the field φ3:
φIab3 =


Ω
(3)
C Ξ
(3)
CC′ 0 0 0
Ξ
(3)
C′C Ω
(3)
C′ 0 0 0
0 0 Ω
(3)
L 0 0
UJ NJ 0 Ω
(3)
R′ Ξ
(3)
R′R′′
DJ EJ 0 Ξ
(3)
R′′R′ Ω
(3)
R′′

 .
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M
(1)
L M
(1)
R M
(2)
L M
(2)
R M
(3)
L M
(3)
R m
(12)
L m
(12)
R m
(21)
L m
(21)
R
No. 1 −1 −1 +2 −7 0 +1 −1 −2 −1 −2
No. 2 2 −7 −1 −1 0 +1 −1 −2 −1 −2
No. 3 −1 −4 +2 −3 0 +1 +1 −3 +1 −3
No. 4 2 −3 −1 −4 0 +1 +1 −3 +1 −3
No. 5 −2 −3 −9 −8 +1 +1 +3 +3 +7 +7
No. 6 −2 −3 −9 −8 +1 +1 +7 +7 +3 +3
No. 7 −2 −3 −9 −8 +1 +1 −3 −3 −7 −7
No. 8 −2 −3 −9 −8 +1 +1 −7 −7 −3 −3
Table 4: One-pair Higgs models in type2.
In this model, zero-mode contents are the same as the previous ones in type1. Furthermore,
Yukawa matrices can be full-rank and hierarchical, and all the elements of Yukawa matrices
can take non-zero values different from each other.
There are eight flux configurations which give one-pair Higgs models included in the type2
model, and these are shown in Table 4. The first one, No. 1, in Table 4 corresponds to the
above. The four patterns from No. 1 to No. 4 give the same zero-mode contents. However,
the zero-modes of the last four models, No. 5-8, include additional fields. In these models, the
Higgs sector does not feel the nonfactorizable fluxes (m
(ij)
L −m(ij)R = 0 ) and we get their zero-
modes separately in φ1 and φ2. Furthermore, the factorizable fluxes on the third torus M
(3)
have no effect on the Higgs sector. That is the significant difference from models, No. 1-4 in
Table 3. Then, the models have the MSSM Higgs correctly in φ1 and also have representations
conjugate to the Higgs pair but can not couple with quarks and leptons in φ2.
4.4 Nonfactorizable flux models on T 6/Z2 orbifolds
There are other possibilities for model building. We can consider nonfactorizable fluxes with
orbifold projection, where magnetic fluxes have to be five-block forms because (continuous)
Wilson lines cannot be introduced to break the gauge group by the orbifold projection. When
we consider the Z2 projection Eq. (15) either even or odd modes of zero-modes remain. How to
derive even and odd functions from Eq. (7) and (8) has already known for factorizable fluxes
in Ref.[15], and we find that even and odd functions can be derived from Eq. (21) and (22) as
natural generalization of the factorizable case Eq. (14) as,
φ
~j
even(~z) =
1√
2
(φ
~j,M(~z) + φ~e−
~j,M(~z)),
φ
~j
odd(~z) =
1√
2
(φ
~j,M(~z)− φ~e−~j,M(~z)),
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where,
~e ≡ ~e1 + ~e2 =
(
1
0
)
+
(
0
1
)
=
(
1
1
)
.
Note that we use the following relations to obtain these functions,
φ
~j,M(−~z ) = φ~e−~j,M(~z ).
According to that, we find that a rule for the number of the degenerate zero-modes after a
Z2 projection is the same as factorizable cases and we see the rule in Table 2 with replacing M
by detM. 11
On such a background, we search flux configurations to give the three generation models in
a systematic way and the range between −10 and 10. As a result, we could not construct three
generation models with four-block or five-block fluxes because SUSY conditions are severe.
5 Conclusions and discussions
We have carried out a systematic search for possibilities to construct models in which we obtain
preserved N = 1 SUSY, the SM gauge group, all the MSSM fields, three generation structures
of quarks and leptons and full-rank Yukawa matrices.
First, we have done that considering only the factorizable fluxes, then we find that the
Pati-Salam models with six pairs of Higgs multiplets can be constructed.
An orbifold projection could eliminate exotic modes without changing three generation
structures of quarks and leptons. It also can change the number of degenerate zero-modes if Z2
act on the torus where flavor structures are generated, and we try to use that to generate three
generation structures other than previous ones. With such an orbifold projection, (continuous)
Wilson lines are not allowed and we have to break the gauge group using only magnetic fluxes.
Thus, we have to consider five-block magnetic fluxes for which SUSY conditions become more
severe and we find it impossible.
We can consider nonfactorizable fluxes which cross over two tori. Considering nonfactor-
izable fluxes, more various model buildings become possible. With such fluxes we tried to
construct the Pati-Salam models, and we find that there are infinite possibilities to give three
generation models as a result of systematic research. We also find some particular values are
allowed for the number of Higgs pairs if Higgs multiplets come from φ3, in contrast any num-
bers of Higgs pairs can be realized in the other case. Furthermore, the quite attractive fact is
that we can construct one-pair Higgs models just like the MSSM. Finally, we tried to construct
nonfactorizable flux models on T 6/Z2 orbifolds. As a result we cannot find a flux configuration
to give us the plausible model.
In this paper we have found many possibilities to give the plausible models, which have the
three generation quark and lepton multiplets and full-rank Yukawa matrices, other than the
11 Strictly speaking, there are some exceptional case, however, it has nothing to do with us as far as we aim
to the three generation models.
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one studied in Ref. [11]. Plausible flux configurations give only the Pati-Salam models, where
we need introduce Wilson lines to break the gauge group. In the Pati-Salam models with only
factorizable fluxes, Yukawa coupling possesses the flavor symmetry ∆(27)[6]. It is interesting
to study how such structures would be changed by nonfactorizable fluxes. Furthermore, in-
troducing nonfactorizable fluxes has a close connection with the moduli stabilization. We will
study these feature of nonfactorizable fluxes elsewhere.
The five-block flux models not needing Wilson lines cannot be realized in 10D magnetized
SYM theory. However, it would be straightforward to extend our study to SYM theories in a
lower than ten-dimensional spacetime, or even to the mixture of SYM theories with a different
dimensionality. For example, in type IIB orientifolds, our study will be adopted not only to
the magnetized D9 branes, which are T-dual to intersecting D6 branes in the IIA side, but
also to the D5-D9 [22] and the D3-D7 brane configurations with magnetic fluxes in the extra
dimensions. With such brane configurations, we might be able to build the five-block and more
various models.
As other generalizations, we can consider generalized torus in which off-diagonal elements
of general complex structure Ω have nonzero values, or more complicated manifold, and that
would give us a new flavor landscape.
Finally, our models derived from supersymmetric Yang-Mills theory might be embedded in
the matrix models [24]. In that case, it would give us a new motivation to study the magnetized
supersymmetric Yang-Mills theory.
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A Exotic modes with the pattern1 fluxes
For the matter profile (12) caused by the type1 magnetic fluxes in Table. 1, we see that Z2-
projection introduced in Sec. 3 which acts on the second and the third tori with the following
projection operator,
Pab =

 −14 0 00 +12 0
0 0 +12

 ,
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removes most of the massless exotic modes Ξ
(r)
ab and some of massless diagonal components Ω
(r)
a .
The matter contents on the orbifold T 6/Z2 are found as
φIab1 =


Ω
(1)
C Ξ
(1)
CC′ 0 0 0
Ξ
(1)
C′C Ω
(1)
C′ 0 0 0
0 0 Ω
(1)
L H
K
u H
K
d
0 0 0 Ω
(1)
R′ Ξ
(1)
R′R′′
0 0 0 Ξ
(1)
R′′R′ Ω
(1)
R′′

 ,
φIab2 =


0 0 QI 0 0
0 0 LI 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

 , φIab3 =


0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
UJ NJ 0 0 0
DJ EJ 0 0 0

 ,
where I, J = 1, 2, 3 and K = 1, . . . , 6 label the generations as before. There still remain
massless exotic modes Ξ
(1)
ab for a, b = C,C
′ and a, b = R′, R′′ with a 6= b as well as open
string moduli Ω
(1)
a for a = C,C ′, L, R′, R′′. That is one of the open problems in the T 6/Z2
magnetized orbifold model. In Ref. [11], these exotic modes are assumed to become massive
through some nonperturbative effects [23] or higher-order corrections, so that they decouple
from the low-energy physics.
B Yukawa matrices in a one-pair Higgs model
We show an explicit form of Yukawa matrices in a one-pair Higgs model. Yukawa couplings of
No.1 model in type1 are written by
Yijk ∝
∑
~m
δ~k,M−1
H
(ML~i+MR~j+ML ~m)
∫
d2y
[
e−π~y(MLΩ˜L+MRΩ˜R+MHΩ)·~y · ϑ
[
~K
0
]
(i~Y|i~Q)
]
where
Ω˜L = ΩˆL · Ω, Ω˜R = ΩˆR · Ω
~K ≡
(
~k
(~i−~j + ~m)ML(ML+MR)−1MR
detML detMR
)
~Y ≡
(
(MLΩ˜L +MRΩ˜R +MHΩ) · ~y
(detML detMR)(MLΩ˜L(M−1L )T −MRΩ˜R(M−1R )T ) · ~y)
)
~Q ≡
( MLΩ˜L +MRΩ˜R +MHΩ (detML detMR)(MLΩ˜L · (M−1L )T −MRΩ˜R · (M−1R )T )
(detML detMR)(Ω˜L − Ω˜R) (detML detMR)2(Ω˜LM−1L + Ω˜RM−1R )
)
.
We define
η
[
(~i−~j + ~m)ML(ML +MR)
−1MR
detML detMR
]
≡ ϑ
[
~K
0
]
(i~Y|i~Q),
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and then (1, 1) element can be written using η;
λ11 = η[(0, 0)] + η[(0,
1
3
)] + η[(0, 2
3
)] + η[(1
3
, 0)] + η[(1
3
, 1
3
)] + η[(1
3
, 2
3
)] + η[(2
3
, 0)] + η[(2
3
, 1
3
)] + η[(2
3
, 2
3
)].
Similarly, other elements are written by
λ12 = η[(
1
9
, 1
9
)] + η[(1
9
, 4
9
)] + η[(1
9
, 7
9
)] + η[(4
9
, 1
9
)] + η[(4
9
, 4
9
)] + η[(4
9
, 7
9
)] + η[(7
9
, 1
9
)] + η[(7
9
, 4
9
)] + η[(7
9
, 7
9
)]
λ13 = η[(
2
9
, 2
9
)] + η[(2
9
, 5
9
)] + η[(2
9
, 8
9
)] + η[(5
9
, 2
9
)] + η[(5
9
, 5
9
)] + η[(5
9
, 8
9
)] + η[(8
9
, 2
9
)] + η[(8
9
, 5
9
)] + η[(8
9
, 8
9
)]
λ21 = η[(
2
9
, 1
9
)] + η[(2
9
, 4
9
)] + η[(2
9
, 7
9
)] + η[(5
9
, 1
9
)] + η[(5
9
, 4
9
)] + η[(5
9
, 7
9
)] + η[(8
9
, 1
9
)] + η[(8
9
, 4
9
)] + η[(8
9
, 7
9
)]
λ22 = η[(0,
2
9
)] + η[(0, 5
9
)] + η[(0, 8
9
)] + η[(1
3
, 2
9
)] + η[(1
3
, 5
9
)] + η[(1
3
, 8
9
)] + η[(2
3
, 2
9
)] + η[(2
3
, 5
9
)] + η[(2
3
, 8
9
)]
λ23 = η[(
1
9
, 0)] + η[(1
9
, 1
3
)] + η[(1
9
, 2
3
)] + η[(4
9
, 0)] + η[(4
9
, 1
3
)] + η[(4
9
, 2
3
)] + η[(7
9
, 0)] + η[(7
9
, 1
3
)] + η[(7
9
, 2
3
)]
λ31 = η[(
1
9
, 2
9
)] + η[(1
9
, 5
9
)] + η[(1
9
, 8
9
)] + η[(4
9
, 2
9
)] + η[(4
9
, 5
9
)] + η[(4
9
, 8
9
)] + η[(7
9
, 2
9
)] + η[(7
9
, 5
9
)] + η[(7
9
, 8
9
)]
λ32 = η[(
2
9
, 0)] + η[(2
9
, 1
3
)] + η[(2
9
, 2
3
)] + η[(5
9
, 0)] + η[(5
9
, 1
3
)] + η[(5
9
, 2
3
)] + η[(7
9
, 0)] + η[(7
9
, 1
3
)] + η[(7
9
, 2
3
)]
λ33 = η[(0,
1
9
)] + η[(0, 4
9
)] + η[(0, 7
9
)] + η[(1
3
, 1
9
)] + η[(1
3
, 4
9
)] + η[(1
3
, 7
9
)] + η[(2
3
, 1
9
)] + η[(2
3
, 4
9
)] + η[(2
3
, 7
9
)],
and total Yukawa matrices can be written as follows
Yijk ∝
∫
d2y

e−π~y(MLΩ˜L+MRΩ˜R+MHΩ)~y

 λ11 λ12 λ13λ21 λ22 λ23
λ31 λ32 λ33



 .
The values of elements are different from each other, and we cannot find any non-Abelian flavor
symmetry there.
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